Introduction
0_pre' (Figure 3 , Table S1 , supporting information (SI)). After earthworm acclimation in 140 experimental soil ('Soil_Cd-0_pre', 'Soil_Cd-0_post'), the proportion of beta and 141 gammaproteobacteria increased in comparison with that in 'Soil_acc', whereas the abundance of 142 alphaproteobacteria remained the same (Table 1, Table S2 (SI)).
143
Earthworm gut microbiota changes attributable to Cd treatment 144 We observed significant differences in α diversity in the control groups between the first and 145 second sampling (Figure 2 ). This indicates that the acclimation period of one month was not 146 sufficient to stabilize earthworm gut microbiota. Thus, subsequent analyses focused on the 147 comparisons between 'Cd-0_post', 'Cd-10_post', 'Cd-50_post', manure and soil samples. 148 Our results revealed that Cd exposure caused perturbations in earthworm gut microbiota 149 composition. A significant increase in α diversity could be observed for treatment 'Cd-50_post' 150 compared with 'Cd-0_post' (Kruskall-Wallis: H = 5.07, p = 0.02) ( Figure 2 ). Furthermore, 151 weighted UniFrac distances were significantly different between treatment groups (F 2, 76 = 3.30, p 152 = 0.006), which is also evident from the PCoA plot ( Figure 4) . Moreover, the model containing 153 'treatment group' as explanatory variable explained more variation than the model without 154 ( Figure 5 , Table S3 (SI)). 155 L. terrestris microbiota in the combined pre-exposure groups 'Cd-0_pre', 'Cd-10_pre' 156 and 'Cd-50_pre' mostly consisted of Proteobacteria (32.75 %), Bacteroidetes (26.02 %), groups before exposure ('Cd-0_pre', 'Cd-10_pre', 'Cd-50_pre') and the control group after the 163 exposure ('Cd-0_post') (Table S1 (SI)). Among Proteobacteria in the earthworm gut, the most 164 abundant were gammaproteobacteria, followed by alphaproteobacteria and betaproteobacteria, 165 whereas deltaproteobacteria were present in low numbers. The abundance of alpha-and 166 betaproteobacteria in the earthworm gut was significantly lower in comparison with that in the 167 soil samples. In contrast, the abundance of gammaproteobacteria was higher in the gut samples, 168 although not significantly ( Table 1 , Table S2 (SI)). Cd treatment at the concentration of 50 mg/kg 169 ('Cd-50_post') caused significant alteration in the proportion of Actinobacteria in comparison 170 with the 'Cd-0_post' group (Figure 3, Table S1 (SI)).
171

Cd-sensitive and Cd-resistant taxa 172
A heatmap visualizing all of the balances obtained through Gneiss analysis revealed differences 173 between the treatment groups (Figure S1 (SI)). In order to identify whether earthworm gut 174 microbial SVs differed significantly between non-polluted and Cd-polluted groups, we compared 175 the abundance of SVs by using DESeq2 analysis. Out of the SVs that could be assigned to a 176 bacterial genus in 'Cd-10_post', 23 SVs increased, whereas 6 SVs decreased in abundance in 177 relation to 'Cd-0_post' (Figure 6a ). A strong increase was observed for SVs of the genera 178 Flavobacterium (up to 23.51 fold), Sanguibacter (23.24 fold), Dermacococcus (7.34 fold), 179 Paenibacillus (6.42 fold), and Fluviicola (5.57 fold). A strong negative response was observed 180 for SVs of the genera Cryocola (-6.28 fold) and Perlucidibaca (-24.38 fold). In 'Cd-50_post', 33 181 SVs increased, whereas 15 SVs decreased in abundance in relation to 'Cd-0_post' (Figure 6b The α diversity of earthworm gut samples was lower in comparison with that of soil and manure 204 samples and, as expected, did not fully represent the microbiota community found in the 205 experimental soil or manure used for feeding. This is in accordance with previous findings 206 showing that the microbiota associated with the earthworm gut has a reduced level of diversity 
224
The phylum Tenericutes, consisting mostly of undetermined orders of the class 225 Mollicutes, was missing from soil and manure samples but was abundant in the earthworm gut.
226
The increase of Mollicutes in the gut after the exposure period (2 months in experimental soil) in 227 comparison with the abundance before exposure (1 month in the experimental soil) indicates that 228 this phylum is strongly linked to the earthworm gut and is not derived from either soil or food.
229
Nevertheless, we cannot totally discard the premise that it might be derived from the soil in 230 12 which earthworms were originally grown by the breeder. However, bacteria from the Mollicutes 231 class have previously been described in the gut and coelomic fluid of Lumbricidae earthworms, 232 although no conclusion could be made as to whether the earthworm gut is their specific habitat 233 (15, 40).
234
Dose-dependent effect of Cd on microbiota of earthworm gut 235 The most abundant phylum in the L. terrestris gut samples was Proteobacteria, followed by 236 Bacteroidetes, Firmicutes, Tenericutes, Verrucomicrobia and Actinobacteria. This is similar to 237 the previously described L. terrestris gut microbiota composition consisting predominantly of this change was not significant, a similar pattern was previously described for Tenericutes in 262 amphibian gut microbiota exposed to long-term heavy metal pollution (24).
263
Cd-sensitive and Cd-resistant taxa were determined among earthworm gut microbiota 264 Many of the genera that showed a Cd-dependent increase in abundance belonged to the phylum 265 Actinobacteria. Among this phylum, 6 genera showed a particularly strong increase, namely has been reported to be highly resistant to heavy metals and the C. hominis N2 strain has the 273 ability to produce a biosurfactant, that might help to overcome heavy metal toxicity (45, 46) . The Agromyces aureus was isolated from a zinc/lead mine and is described as a heavy-metal-resistant 315 bacteria, with a resistance of up to 1 mM of Cd (66). Rhodococcus opacus has been described to 316 be able to remove heavy metals from the media by active bioaccumulation and to possess 317 tolerance to a range of heavy metals, including Cd (67, 68). Various species of the 318 Micrococcaceae family have been reported as being resistant to high levels of heavy metals, 319 including Cd (69), and members of the Geodermatophilaceae family have been determined to be 320 tolerant to a range of stresses, including heavy metals (70). Among other indicator SVs, those 321 that were associated with both low and high Cd treatments included the genera Candidatus and prior to the start of the experiments (acclimation period). Following this acclimation period, 347 earthworms were divided into three groups of 30 individuals that were exposed either to control 348 soil or to 10 mg/kg or 50 mg/kg CdCl 2 for 4 weeks. The gut content of earthworms was sampled 349 prior to and after exposure. Gut samples collected prior to exposure were labelled as 'Cd-0_pre', Pre-processing of sequencing reads was carried out by using qiime2 (version 2017.10) ((78), 387 https://qiime2.org) and its plugins. Specifically, we used the 'demux' plugin 388 (https://github.com/qiime2/q2-demux) for the import of our demultiplexed paired-end sequencing 389 reads and the creation of the 'artifact' file (i.e. qiime2 data format required for subsequent 390 analyses). Further, we applied the 'dada2' plugin (79), by using the default parameter settings for 391 quality filtering and chimera filtering, to trim primers (--p-trim-left-f 23, --p-trim-left-r 20) , to 392 19 truncate forward and reverse reads (--p-trunc-len-f 200, --p-trunc-len-r 200) and finally to 393 collapse reads into representative sequences, the so-called sequence variants (SVs). We assigned 394 taxonomy to these SVs against the Greengenes database (version 13_8) by using the 'feature-395 classifier' plugin (https://github.com/qiime2/q2-feature-classifier) with the 'fit-classifier-sklearn' 396 method and produced taxa summary barplots (https://github.com/qiime2/q2-taxa) according to 397 sample groupings.
398
In order to carry out diversity analyses, which are based on bacterial phylogeny, we 399 produced a mid-point rooted bacterial phylogenetic tree by aligning SV with MAFFT (80), by 400 removing non-informative positions in the alignment with the 'mask' command 401 (https://github.com/qiime2/q2-alignment) and by using Fast Tree 2 (81) for tree construction. The
402
'diversity' plugin (https://github.com/qiime2/q2-diversity) was employed to calculate alpha 403 (phylogenetic diversity, (82)) and beta diversities (weighted UniFrac, (83)) based on 30,000 404 sequences per earthworm microbiota. Significant differences between treatment groups were 405 calculated with a PERMANOVA approach also included in qiime 2. 406 Finally, in order to be able to undertake further analyses in R (84), we exported the non-407 rarefied 'feature-table' (feature-table.biom), the bacterial phylogenetic tree (tree.nwk), and the 408 taxonomy from qiime2 'artifacts'. We converted the 'feature-table.biom' file into a text file and 409 then added the taxonomy in the last column and reconverted this text file into a 'feature-410 table_tax.biom' file both using the 'biom convert' command in qiime2 (http://biom-format.org, 411 (85)).
412
Statistical analyses in R 413
We imported and combined the 'feature-table_tax.biom' file, the bacterial phylogenetic tree, and 414 a text file containing the metadata into R by using the phyloseq package (86). We produced the 415 20 barplot including all treatments, the PCoA and the network plot based on weighted UniFrac 416 distances between samples from 'Cd-0_post', 'Cd-10_post' and 'Cd-50_post' (rarefied feature-417 table; 30,000 sequences per sample). For the network analysis, we employed the default 418 dissimilarity index (Jaccard, co-occurrence), with a maximum distance of 0.4 required to create 419 an edge. To test whether the earthworm gut microbiota connectedness was higher within than 420 between treatment groups, we extracted edges and nodes information from the network graph 421 object using the R package 'igraph' (Csardi and Nepusz, 2006) . We then produced a new network 422 object using the 'asNetwork' function from the R package 'intergraph' (88) to apply an 423 approximate maximum likelihood estimate based on a Monte Carlo scheme using the R package 424 'ergm' (89). We tested whether a model including nodes (factor 'treatment group') in addition to 425 'edges' explained the variation better than a model with only 'edges' using a chi-squared test.
426
To investigate those bacterial SVs that differed significantly between earthworms from 427 the control and Cd-polluted groups, we applied 'DESeq2' (90) within 'phyloseq' and we further 428 tested whether the SV read abundances differed between treatment groups at the genus and 429 phylum level by using ANOVA and the Post-Hoc Tukey HSD test.
430
Finally, we tested those bacterial taxa from earthworm microbiotas that were significantly 431 attributable to 'Cd-0_post', 'Cd-10_post' or 'Cd-50_post' by applying an 'indicator species 432 analysis' with 999 permutations (R package 'indicspecies' (54)). This method enabled us to 433 analyse the relative abundance and occurrence of SVs in samples of the various treatment groups 434 in order to identify the SVs that significantly characterized the respective groups. The maximal 435 index of 1 indicated that a certain SV was present in all individuals of the group of interest. An 436 indicator value less than 1 meant that the SV was either present in more than one group or that it 437 21 was not present in all members of this group. This method has been previously suggested for the 438 definition of biomarkers of exposure to chemicals (35). group. An indicator value less than 1 means that the SV is either present in more than one group 728 or that it is not present in all members of this group. 
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